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A new type of air-cooled  turbine-rotor-blade  design  based on t h e  
principle of submerging the  load-carrying  elemest in cooling air within 
a th in  high-temperature shell. which is attached t o  the  load-carrying 
element by means of spot-welding was analytically  evaluated  using meas- 
ured sea-level-static  engine  operating  conditions  for a J33 turboJet 
engine. A typical  spaarise  effective gas  temperature prof i le  at the 

s ta t ions  in   the blade cross  section  for  several spanwise s ta t ions were 
calculated fo r  three  coolant-flow ratios. 

v 

. rated engine  speed was used.  Temperatures at various  significant 

The reslllts indicated  that  t h i E  new principle of blade design  allows 
the  load-carrying element, o r  internal  supporting strut, t o  be operated 
a t  a considerably lower t e q e r a t b e  than that of the  envelaping shel l .  
The temperature  difference was over 200O F for a coolant-flow r a t i o  of 
0.01 k d  increased  with  coolant-flow-ratio. For t h i s  coolant-flow r a t i o  
the  temperature of the  internal  supporting s t r u t  was w e l l  below 900° F, 
which w a s  over 200° F cooler than the   she l l  in a comparable Shell- 
supported  blade. This temperature  difference  also  increased  with 
coolant-flow ra t io .  To achieve  the same coolin@; effectiveness Fn the 
load-carrying  element or s h e l l  of a shell-supported  blade as obtained 
at 0.01 coolant-flow r a t i o  on the s t r u t  of the in-t;er&y supported 
blade required almost 2.5 times as much coolant flow. c 

- Cmparison of the  relative  strength of inter-  supgorted and 
shell-supported  blades showed that  the  internally  supported  blade  has 
considerably  greater  potentiality t o  withstand  the  increased  stresses 
that may be anticipated  in '   future engines. Based on stress-to-rup-ture 
properties  for 17-22A(S) f o r  1000-haur blade  l ife,   the  intergally 
supported  blade can be operated. at a permissible  stress of 75,000 pounds 
per  square  inch or about four  times tha t  of a comparable shell-supported 
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blade  with a coolant-flow  ratio. of 0.01 and an effective gas  temperature 
of 1530° F. For 821 effective gas temperature of 2530° F the  internally 
supported  blade  required  less  than half as much coolant flow as the 
shell-supported  blade t o  maintain  a-permissible  stress of 60,000 pounds 
per  square  inch. 

d - .  
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It appeared that  placing  the  load-carrying element of the  blade 
within  the  coolant  passage will permit  the  lowest  coolant  flow of any of 
the convection-cooled  configuration6  that have been previously  investi- 
gated. * dc 

01 
* 

INTRODUCTION 

Analytical and experimental  investigations of air-cooled  turbine 
blades have shown tha t  high cooliplg effectiveness can be achieved 
thruugh augmented internal  heat-transfer  surface i n   t h e  coolant  passage 
(referenses 1 t o  3). Cyclic enduxance investigations of typical  air- 
cooled rotor blades  under  severe  operating  conditions i n  a turboJet 
engine indicate  that  the  cooling  effectiveness  obtained  with  acceptable 
coolant-flow  rates i s  . suf f ic ien t   to  permit  substitution of noncrit ical  
steels  for  the  high-temperature-blade  alloys  that  contain  large quan- 
t i t i e s  of scarce  metals  (reference 4 ) .  Further  Fncreases in over-all 
cooling  effectiveness are desirable, however, t o  improve the   r e l i ab i l i t y  
of the  t.urbine u d  t o  provide for eventual improvements in   the  air- 
handling  capacity and  performance of t he   j e t  engine. 

- " 

Analytical  investigations of air-cooled  turbojet-engine performance 
(references 5 and 6) have shown the  desirabi l i ty  of minimizing the flow 
of cooling a i r   b led  from the  engine  coqressor. A n  inqortant  factor  in 
controlling  the  coalant-flaw  rate is the  configuration of the  internal  
coolant  passage.  In  air-cooled  blade  designs  previously  investigated, 
the extended internal heat-transfer.surfaces axe inserted  into  the 
hollow she l l  which fbrms the  blade  profile. Thfs shell ,  which i s  
direct ly  exposed t o  the  hot  gases, i s  also the  load-carrying  element of 
the  blade; and t o  some extent it must support   the  internal  parts  in 
addition t o  i t s  own centrifugal load.  A more effective  integration of 
the  cooling and structural   characterist ics of a blade  can  be  obtained by 
concentrating  the  load-carrying element in  the  central   portion by means 
of a s t r u t  t o  which is  attached a thin she l l   t ha t  performs the aerody- 
namic function of the  blade. I n  the internal-strut-supported  blade,  the 
centrifugal load of the   she l l  is t ransferred  direct ly   to   the  internal  
s'upporting s t r u t ;  and a t   the  same time the  heat  transfer  into  the load- 
carrying element i s  reduced  because of the  protection  offered by the 
shel l .  

. .. 

.. 
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Analytical  investigatfons were made at the NACA Lewis laboratory t o  
evaluate  the  cooling characteristics of an air-cooled  turbine  blade  using 
an internal   f inned  s t rut  as the load-carrying  element. The principal 
objectives of the investigation were t o  determine  the  probable  influence 
of the shell on the   s t ress   dis t r ibut ion in the strut, t o  analyze i n  
detai l   the   internal-s t rut  and shell tenperatwe d i s t r ibu t ions  f o r  a 
suitable  experimental  blade  configuration, and t o  c q a r e  the calculated 
cooling  effectiveness of the internal-strut-supported  blade w i t h  that of 
an equivalent  shell-supported  blade. The purpose of this  report is t o  
present  the results of the Frivestigation, to compare the  coolant-flow 
requirements of the two configurations, and t o  show what  advantages an 
air-cooled  internal-strut-supported  blade may have  over an  equivalent 
shell-supported  air-cooled blade. 

The investigation was made using static sea-level  operating condi- 
t i ons  from a representative  turbojet  engine wherever needed t o  determine 
heat-transfer  parameters on the  ‘outside  surface of the blade. The 
particul-  configuration of an internal-s t rut  and she l l  combination  used 
in  the  investigation had  been arrived at from a preliminary  ‘unpublished - 
investigation of several   different  codigurations.  The calculations f o r  
this configuration were made f o r  three  different  coolant flows w h i c h  
covered the anticipated  range of required  coolant f lows .  Since the 
cooling  characteristics of the internal-strut-supported-blade  configu- 
ra t ion  are  dependent t o  a considerable extent on the method used for  
.structural  attachment of t he   she l l  t o  the s t r u t ,  the  analytical  results 
presented q p l y   s p e c i f i c a l l y  t o  the spot-welded attachment specif ied  in  
the mechanical  design of this configuration. The resu l t s ,  however, are 
believed  representative of t h i s  general  principle of blade  construction. 

Hi 

HO 

SYMBOLS 

The following symbols are   used  in  this report: 

heat-transfer  coefficient on internal  coolant-passage  surfaces, 
Btu/(sec) (sq f t )  (9) 

f i c t i t i o u s  heat-transfer  coefficient  representing heat flow t o  
secondary fin, Bh/(sec) (sq ft) (9) 

heat-transf er coefficient on outside  blade  surf ace, 
Btu/(sec) (sq f t )  (9) 

thermal  conductivity of f i n  metal,  Btu/(sec)  (sq f t )  (?l?/ft) 

depth of secondary f i n  (f t) 
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effective  cooling-air-  temperature ( O F )  

blade  temperature (9) 

effective gas t q e r a t u r e  (9) 

coolant-flow r a t i o  

dimensionless measure  of distance d o n g  span of blade from base 3 
N 

thickness of secondary f i n  ( f t )  

dimensionless  cooling-effectiveness  parameter . .. 

ANALYSIS 

The general methods of cooling analysfs eq loyed   i n  this investiga- 
t i on  have been well established  previously,, and numerous references  are 
available  (for example, reference 7 ) .  The discussion of  methods  of 
analysis is therefore  limited  to  particular  deviations f r p m  established 
principles, where necessary, t o  accommodate  new fac tors   in t rduced  by 
the  internal-strut-supported-blade  configuration. 

. , .. 

Descriptj on of Internal-Strut-Supported- 

Blade Configuration 

A typical  internal-strut-supported-blade  configuration is i l lus- 
t ra ted  in   f igures  1 and 2 .  The blade  consists of a th,in  metal  shell 
having the shape of the  blade  profile and i ts  internal  supporting strut 
which may o r  may not be  integral  with  the  rotor  disk. The purpose of 
the  shel l  is  t o  direct   the flow of gases i n  the  desired manner so  that  
the aerodynamic forces  are  transmitted  to  the load-carrying element. 
The internal  supporting .strut has  the  general shape of the  blade  section, 
though smaller, and has  projections  in  the shape of primary f in s  t o  
which the   she l l  is attached. The secondary fins between the primary 
f i n s  do not t a c h  the  she31 and serve on ly  as extended heat-transfer 
surface t o  augment cooling of the strut. The spaces between the  shel l  
and internal  strut not  taken up by the  f ins  serve as cooling-air  psssGes 
in to  which a i r  i s  introduced a t  the base of the. blade and allowed t o  

> t  
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escape frm the open ends of the passages at the t i p .  A t  any spanwise 

be sufficiently  large t o  support the centrifugal load of the  shell  in 
addition t o  t ha t  of i t s  own weight i n  the centrifugal  f ield.  Because the 
internal  supporting  strut  thus becomes heavily loaded a t  the base, it i s  
necessary t o  taper the internal  supporting strut toward the blade t i p  
where less  m e t a l  is required  to  carry  the load. An essent ia l   pr inciple  
of the  design is that  the  shell   be  attached t o  t he   s t ru t  by m e a n s  of the 
primary s t ruc tu ra l   f i n s  at numerous s ta t ions along the span so tha t  i t s  
cent r i fuga l   load . i s  never  concentrated. If the shell were attached  to 
the strut a t   t h e   t i p  only, the   she l l  would be  sub3ect t o  high compressive 
stresses and transmission of the  ent i re  weight of the   she l l  t o  the s t r u t  
a t   t h e   t i p  of the blade would result i n  excessive  tensile stresses i n  
the s t r u t  i n  the t i p  region. If the shell e r e  attached only at   the  
root of the blade, the shell would be subjected  to  the f u l l  tensile 
centr i fugal   s t ress .  It is therefore  essential t o  provide  attachment a t  
numerous stat ions along the blade span. 

* s ta t ion  the cross-sectional  area of the internal  supporting strut must 

With such an arrangement it c&  be  seen that no severe  tensile 
loading  ie inrposed on the shell, and tha t  it can therefore  be  operated 
wi thou t  f a i lu re  at higher  metal  temperatures  than a conventional  blade 
of the same material. If desired, a corrosion-resistant  high-temperature 
m e t a l  s h e l l  may be  used with a noncritical  metal strut, as was done for  
the  experimental  design  analyzed, with a substantial  saving in over-all 
usage of c r i t i ca l   mater ia l  when compared w i t h  a blade made ent i re ly  from 
c r i t i c a l  alloys. To permit  the use of noncrit ical   materials  in  the 
internal  supporting strut and turbine disk and t o  u t i l i z e  the greater 
strength of these metals a t  lower temperatures,  the  internal  supporting 
strut must be'  insulated as much as possible from the ho t  shell  
and the surrounding  hot  gases. This objective can be accomplished i n  
a number of ways. The method of attaching the s h e l l   t o   t h e  primary fins 
on the s t r u t  fs a~ wortant factor  in controlling the s t r u t  t empra twe.  
Although it is desirable t o  minimize the  area of i n t h a t e  thermal  contact 
between the shell and the internal   support ing  s t rut   in   order   to  minfmize 
heat flaw to the s t r u t ,  suff ic ient  mechanical  contact between the shell 
and internal  supporting strut is necessary,.however, t o  hold the s h e l l  
in  place in  the  centr i fugal   f ie ld .  For the experimental  design  used 88 
a basis   for   the  analysis   in  this report ,  the uee of spot welding was 
desirable from fabrication  considerations; it also  offered a means Of 
reducing the  area of intlmate  thermal  contact between the s h e l l  and the - primary fins t o  the minimum amount required t o  keep the   she l l   in   p lace .  
The nuniber and spacing of spot welds was selected on the basis of 
experimentally  determined  strengths of spot welds between a thin  sheet 
and the edge of a f i n  at the  elevated  temperatures  anticipated  for this 
application. Other factors in  controlling  the s t r u t  temperature a re  the 
thermal conductivity of the material in the primary fins and the ratio 
of f i n  width t o  depth, which should be as l o w  as  permitted by s t ruc tura l  
considerations. In addition  to  these  factors,  cooling  air is passed 
through  the spanwise passages formed by the space- between aGacent 

i 

- 
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spanwise f in s  enclosed by the  shell .  The convective  heat-transfer 
coefficient  resulting from this flow cools  the  shell  as  well as the  f ins  
and the strut surface. Some of the  heat conducted  through the  integral  
primary f i n   t o   t h e  s t r u t  can be transferred  to  the  cooling air by 
increasing  the area of strut surface exposed to   t he  cooling a i r .  This 
increase in   a rea  is accomplished by adding  secondary fins to   t he  s t r u t  
on the  area between the primary f in s  supporting  the  shell. Because 
these secondary fins  are  shorter,  they have no contact  with the she l l  
and thus  transfer  heat  only from the  strut   to  the  cooling  air .  

" . 

. 

Temperature Distribution Analysis i n  

Internal-Strut-Supported Blade 

I n  order t o  determine the  over-all cooljn@; characteristics of the 
internal-strut-supported  blade, it was cecessary t o  analyze  the spanwise 
temgerature  distribution  in  both  shell  and internal  s t r u t .  Deviation 
from the normal procecbre of analysis was necessary  because of the 
complexity of the  heat flow path between hot gas and cooling a i r   i n   t h i s  
configuration. The heat flow path  involves Ilumerous changes in  con- 
ductive  cross  section, for example  between the primary s t r u c t u r a l  fins 
and the body  of the  internal s t ru t ,  and also  the added complication of 
the  spot w e l d s  between the   she l l  and the primary fins. 

The actual  blade  configuration was therefore  replaced by  a  model 
which permitted a one-dimensional analysis .of a representative  cross 
section of t he   s t ru t  and shel1,using  the mean spanwise geometry 
( f i g .  3 ( b ) ) .  At the start of the  analysis  the  cooling-air  temperatwe 
at  the  blade  base was used  because t h i s  w a s  the only s t a t ion   a t  which 
the  cooling-air  temperature was i n i t i a l l y  known. From t h i s   i n i t i a l  
analysis,  the nondimensional cooling-effectiveness  parameter 

w a 6  determined a t  various  points  within  the  blade cross section, where 

'a, e local  spanwise effective  cooling-air  temperature 

TB loca l  spanwise blade  temperature a t  a point on the  blade  cross 
section 

T@;, e local  spanwise effective gas temperature 
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Also determined from this in i t ia l   ana lys i s  w a s  the  effective  coolant- 
passage  heat-transfer  coefficient foi: the  inside perimeter of the shel l .  
This coefficient was a function of the conduction  through the spot w e l d s  
in to   the strut as well  as the   direct  convection  cooling of the shel l .  

The combined effective  coolant-passage  heat-transfer  coefficient 
was then  used t o  determine the spanwise variation of the loca l  cooling- 
a i r  temperature i n  a one-dimensional analysis with spanwise variation of 
the gas  temperature  according t o  a specified  temperature prof i le .  
By  assuming t ha t  the heat-transfer  coefficients from the gas t o   t h e  
blade  shell  and from the  internal coolant-passag'e  surfaces t o  the coolin@; 
a i r  are constant spanwise and tha t  a mean spanwise  geometry  can  be used 
as a constant for the   en t i re  span, the nondimensional cooling- 
effectiveness  parameters  previously  determined for variuus  points  in  the 
cross  section were the same a t  all spanwise stations when re fer red   to  
loca l  spanwise gas and coolant t eqe ra tu res .  It was then  possible  to 
calculate the spanwise  temperature distribution i n  the  internal  strut 
and she= a t   t he  various points of interest   in   the  cross   sect ion from 
the cooUng-air  temperature  distribution and a specified effective gas 
temperature distribution. 

One-dimensional cross-sectional  temperature  distribution. - The 
internal-strut  and coolant-passage  configuration  used i n  t h i s  investi-  
gation is i l lustrated  for   the  blade root s t a t ion   i n   f i gu re  2. Inabmuch 
as no a t t eq t  w a s  made t o  analyze temperatures i n  the leading and 
t r a i l i n g  edges, the   resu l t s  of this analysis apply only t o  the midchord 
section of the blade. With the  configurat ion  i l lustrated  in  f fg-ure 2, 
however, large chordwlse temperature  gradients m l d  not  be  expected t o  
occur as 8 resu l t  of the  deviations of the gecanetry in  the  leading and 
t r a i l i n g  edges from that of the  representative  section analyzed,  because 
the  coolant  passages extend w e l l  into these regions. If apprecfably 
higher temgeratures were encountered in  the  leading and t r a i l i ng  edges, 
the midchord section would s t i l l  be the most significant because of the 
sh i f t  of loads t o  the cooler  portions of the internal supporting strut. 
Further  experimental  blade endurance investigations  are  required  to 
verify  the  extent of stress redistribution from t he   she l l   t o   t he  
internal  supporting strut and within  the  strut  under actual  operating 
conditions. 

For assumed constant  heat-transfer  coefficients and constant gas 
and cooling-air  temperatures i n  a cross-sectional  plane, it can be seen 
tha t  A-A, B-B, and C-C are lines of symmetry about which the t e q e r a t u r e  
distribution is  symmetrical 'and that   there is no heat flaw across these 
l ines  so  that the temperature  gradient  across them is zero. It is 
therefore  permissible  to analyze the  temperatures of one section  enclosed 
by these lines and assume it is representative of the cross section 
between D-D and E-E. G f  course, it will not be  representative of the 
leading- and trailing-edge  sections of the blade. For this reason 
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measurements of blade geometry needed i n  the analysis, for  example, 
cross-sectional  coolant-passage  area and wetted  perimeter, were made on 
the  central  portion of the  blade  sections as sham between D-D and E-E 
of f igure 2.  

The representative  section -of the  blade  profile  enclosed by A-A, 
B-B, and. C-C i s  again shown in  f igure 3(a) i n   de t a i l .  The element 
between stations 2 and 3 represefits  the  spaarise average of the  areas of 
intimate  thermal  contact  in  the nuggets of all the  spot welds between 
the   she l l  and  a primary fin. The secondary f in   a t tached  to   the  internal  
s t r u t  at stations 5 and 6 .has no thermal or physical  contact  with  the 
she l l  and i s  assumed t o  conduct heat from the s t r u t  only. The elements 
of the  section were arranged as shown in  f igure 3(b) i n  order t o  permit 
a solution of the problem as one-dimensional heat  conductioq,  with  heat 
being added or withdrawn from the  sides of the elements by convective 
 coefficient^. The element between stations 1 and 2 represents  the 
segment of the  shel l  between A-A and B-B. A l l  the  heat  flowing  in  the 
representative  section  enters through t h i s  element by means of an 
autside  heat-transfer  coefficient &. Some of the  heat is conducted 
direct ly  through the  shel l  and transferred  to  the  cooling aif: The r e s t  
of the  heat is conducted pa ra l l e l   t o   t he  shell toward the primary f ins ,  
where it is conducted through the nuggets of the  spot w e l d s  in to   the 
primary f in s .  As the  heat is conducted  along the primary f i n  from 
stat ion 3 t o  4 and into  the elements of the  internal  supporting  structure, 
it i s  transferred from the  surfaces forming the  coolant  passage to   t he  
cooling a i r  by means of a convective  coefficient H,. In  the  case of 

. 
the  element between stations 5 and 6 t o  which the secondary f i n  is 
attached, a f i c t i t i ous  convective  coefficient was used which 
represented  the  rate of heat  transfer  per  unit   area  at   the base of the 
f i n  and per  unit  temperature  difference between the  temperature a t   the  
base of t h e   f i n  and the  cooling-air  temperature. This f i c t i t i ous  
convective  coefficient was expressed by the  following  equation 

I 

2 Hi tanh VfLf 

Tf Vf 
ILp= 

. . . . . . -. " . . . ". . , . .- - ".,. -~ ""_ - .. . " . ". " ". .. ." , "" ~ . - 
where cpf = /z. - The left-hand  side of the elements from stations 3 i, 

t o  7 shown i n  figure 3(b) represent  the  lines of  symmetry across which . 

no heat  flows. The differential  equation of heat-flow  continuity was 
solved fo r  each of the elements between stations 1 and 2 ,  2 and 3, 
3 and 4 ,  4 and 5, 5 and 6, and 6 and 7. "his  resulted  in a temperature 
distribution  equation  for each of the s i x  elements and each equation 
containecl two unknown arbitran  constants.  The determination of the 
constants  required  the  simultaneous  solution of 12 equations which 
expressed  the boundary conditions at  the  Junction between the  elements. 

" . . .. 

. " 
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With the  constants  solved, the tempeyature at any point   in  the section 
could  be  expressed. A mathematical  treatment of a similar one- 
dimensional  heat-flaw problem i s  given i n  reference 8. Temperatures 
were  computed f o r  s ta t ions 1 t o  7 shown i n  figure 3(a) fo r  a blade 
section with a mean spanwise gemetry. The heat-transfer  coefficient 
for the  outside  surface of the blade w a s  determined from a heat-transf  er 
correlation  obtained in a s t a t i c  cascade fo r  a similar profi le .  A cor- 
re la t ion  for   heat   t ransfer  in  tubes from reference 9 w w  used t o  evaluate 
average  heat-transfer  coefficients  in  the cooling-a* passages. 

The initial calculation  used  the  specified  cooling-air  temperature 
at the  blade base t o  determine  the  temgerature  distribu€ion in  the  cross 
section at this stat ion.  Inasmuch as all the  necessary  conditions were 
then knom at. this station, the average or effective  heat-transfer 
coefficient on the internal   shel l   surface wa6 readily determined from a 
s i i q l e  heat-balance  equation by assuming no spanwise heat flow. The 

for   s ta t ions 1 t o  7 f o r  later use in the analysis of spanwise teqerature 
distribution. This procedure WBB carried a t  for three coolant flaws i n  
the range of in te res t .  

I nondimemiond c o o ~ - e f f e c t i v e n e s s  parameter @ was &o calculated 

One-dimensional  spanwise teqera ture   d i s t r ibu t ion .  - A constant 
blade cross section, which is the mean section mentioned i n  the preceding 
section, was used to calculate  the spanwfse temperature  variatio-& fo r  
s ta t ions 1 t o  7'sham in   f igure  3(a). The effective  internal  heat-  
transfer  coefficient,  evaluated as previously  described, 'was appl ied  in  
the  cooling-air energy  equation  taken from reference 10 (equation (39)) 
to evaluate  the  .spaarise  variation of the cool ing-air  temperature for a 
specified,  radial,  effective gas temperature  profile. The local  values 
of a, determined  according t o  methods described  in  the  preceding 
section,  for  stations 1 t o  7 w e r e  then used t o  determine the spanwise 
temperature  distribution a t  these stations from the   local   effect ive gas 
and coolant  tenqeratures. 

Description of Equivalent She=-Supported  Blade  ConfPguration 

In  order t o  determine to what extent  the  blade with an in te rna l   a i r -  
cooled  supporting  structure was an brovement  over the m o r e  conventional 
shell-supported  air-cooled  blade, an analytical  comparison was made fo r  
the two blades in   t he  midchord region. In  order t o  m a k e  a  comparison, 
an air-cooled  shell-supported-blade  design was selected  that  was as 
similar as   possible   in   internal  geometry t o  t ha t  of the internmJ2.y 
.supported  blade  design. Inasmuch as  the  cross-sectional  area of the 
supporting s t r u t  in  the  internally  supported  blade was tapered  uniformly 
aut t o  the 3/4 span where the strut was-  discontimed  except  for the 
primary f ins ,  which w e r e  contFnued to maintain  structural   r igidity to 
the t i p ,  the  cross-sectional mea of the shell in the shell-supported 
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blade was assumed tQ decrease wi@h the same u n i f o r m  spanwise taper   to  
the t i p .  The geometry of the base  section of the shell-supported-blade 
design used for camparison is shown in  f igure 4.  The thickness and 
spacing of the fins are   ident ical  with those in   the  internal ly  supported 
blade (f-ig. 2 )  . In  the absence of an internal  supporting structure, the 
fins are  integral. w i t h  both  internal  faces of the shell,  thus  breaking 
'up the  coolant  passage  into  a number of spanwise passages with trape- 
zoidal  cross  section; The following  table compares the two configura- 
t ions   in  terms of geometrical  factors  affecting  the  heat-transfer 
characteristic6 of the blade. The values  given are f o r  a mean spanwise 
geometry. 

Geometry factor Shell- Internally 
supported 

blade  blade 
supported 

I I - .  

Summation  of coolant-passage 

Summation  of coolant-passage 

Hydraulic diameter (in.) 0.0696 

perimeter  (in. ) 8.686 

flow area (sq in.) 0.1691 0.1985 

Temperature Distribution  Analysis  in  Shell-Supported Blade 

. 
- 
. .. 

<: ... r 

. 
The analysis of spapwise blade  temperature  distribution  in the 

shell-supported  blade was  made according t o  methods given in   refer-  
ence 10. A one-dimensional spanwise solution w a s  made direct ly  by 
evaluating  an  effective  inside  heat-transfer  coefficient that includes 
the  influence of the  internal  finning. The analytical  expression  that 
permits  consideration of fin dimensions, spacing, and thermal conduc- 
t i v i t y   t o  determine an effective  inside  coefficient was modified to  take 
i n t o   a c c m t  the fac t   tha t  two thicknesses Orp f i n s  were used. However, 
t he i r  use had no influence.on  the comparison. This effective inside 
heat-transfer  coefficient  applies  to the i n t e r n a l  perimeter of the blade 
s h e l l  at the base of the fins and is related t o  the convective  local 
heat-transf  er  coefficient at the surf ace of the fins. It was theref  ore 
unnecessary t o  make a  separate analysis of the  temperature  distribution 
within the cross  section as w a s  the case with the internal-strut- 
supported  blade  configuration. 

- .  

. . -  

. . 

.: - 

., 

. .  

Conditions of Analysis 
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t he   she l l  was nontwisted and similar t o  the  experimental  air-cooled 
blade  reported i n  reference 2 .  A t  the   ra ted engine  speed of 11,500 rpm, 
the engine a i r  flow was 72 pounds per second. The value of the  prof i le  
heat-transfer  coefficient f o r  this  condition was 0.0507 
Btu/(sec) ( s q  f t )  (%) , as determined from a s t a t i c  cascade  heat-transfer 
correlation f o r  this same profile.  The spanwise effective gas-temperature 
prof i le ,  which is essent ia l ly   the  re la t ive t o t a l  t e q e r a t u r e  of the gas 
a t   the   ro tor  inlet, was representative of tha t  encountered i n  a  prwiaus 
experimental  investigation and is  given in f igure  5(a) .  The tenperature 
of the  cooling  air enterin@; the  cooling  passages a t  the base of the  blade 
was assumed t o  be ZOOo F. A t  the  rated engine  speed of ll,500 rpm, the 
blade t i p  speed is approximately 1325 f ee t  per second a t  a diameter of 
26 inches. The blade  height  used in  the  blade stress analysis w a s  
4.0 inches. The temperatures in the  load-carrying elements of the two 
configurations were  compared for   a  range of coolant-flaw  ratios. 

Comparison of Centrifugal  Stress  Distribution 

for the Two Configurations 

Determination of the  coolant flow required under  engine operating 
conditions  requires knowledge of the  centr i fugal   s t ress  in the  load- 
carrying element  and the  allowable  temperature of the  blade  metal. To 
obtain  a valX comparison of the  required  coolant  flow f o r  the two con- 
figurations,   t4e  distribution of load-carrying  metal  shauld  be as nearly 
the same as  possible. The cross-sectional  area of load-carrying  zeta1 
was the same for   the  two designs up t o  the 3/4 span s ta t ion  where, i n  
order t o  reduce the   s t ress   l eve l  i n  the  base of the  internal-strut-  
supported  blade,  the  load-carrying member was discontlnued  except for 
the primary f ins ,  which were continued t o  t h e   t i p  inside the   she l l  t o  
mair;tain s t ruc tu ra l   r i g id i ty   t o   t he   t i p .  It w a s  obviously impossible 
t o  discontinue  the  load-carrying element a t   the  3/4 span of the  shell-  
supported  blade  because the   she l l  has an a e r d p a m i c   m c t i o n  t o  perform 
over the   en t i r e   l ewth  of the blade. The s t ress   d i s t r ibu t ion   in   the  
internal  supporting strut was coqputed with  the assumption tha t   the  
t h i n   s h e l l  was unable to .support itself at   the  high temperatures and thus 
kransrnitted. d l  of i t s  weight i n   t he   cen t r i fuga l   f i e ld  t o  the  internal  
supporting  strut. For the  shell-supported  blade  a similar assuq t ion  
was made tha t   the   in te rna l   f ins  in the passage  could  not  be  'attached t o  
the  blade root  structure and therefore  transmitted  their weight t o   t h e  
shel l .  'Be spanwise centrifugal-stress  distributions shown in 
f i g m e  5(b) are  very  nearly  the same for the  two blades. 



12 - NACA RM E51LW 

RESULTS AND DISCUSSION 

Calculated  temperature  distribution  in an internally  supported 
blade. - The results gf a temperature-distribution  calculation  for a 
coolant-flow r a t i o  of  0.152 in   the   in te rna l ly  supported  blade  are shown 
in   f igure  6.  The top curve i s  a plot  of the spanwise variation of the 
effective gas  temperature used in  the  calculation, The tendency of the 
spanwise-temperature distribution of the  shel l  and the  internal  
supporting stmt t o  follow  the  general shape of the  effective  gas 
temperature  profile is apparent. However, the shape of the spanwise 
cooling-air temper.ature  curve re f lec ts   l i t t l e   in f luence  of the gridspan 
peak in   the   e f fec t ive  gas temperature prof i le . -  W s  characterist ic 
of air-cooled  blades has been  observed in  previous  analyses  (refer- 
ence 10). It i s  also of in t e re s t   t o  note  that  the peak temperature of 
the  metal   in  the  internal s t r u t  occurs a t  R larger  radius  than peak 
she l l  temperature. This may prove t o  be an advantageous feature of the 
internal-strut-supported  blade  since  the maximum temperature i s  displaced 
toward a region of lower centrifugal  stress.  The hottest  temperature on 
the  shel l   for   s ta t ion 1 is about 1085' F a t  approximately 0.6 of the 
blade  span from the  root, whereas the  highest  temperature on the  internal  
s t r u t  at s ta t ions 6 and 7 i s  about 805O F at 0.75 span. 

The difference between the  effective  gas  temperature and the  shel l  
temperature becomes  a W~MUIU a t  about the 0.3 span, where the  shel l  
temperature a t  s t a t ion  1 is about 475' F below the'effective  gas tempera- 
ture .  The temperature  difference of greatest.  interest is. that  between 
the   she l l  and the  internal.  supporting s t r u t  inasmuch as t h i s  type of 
blade is designed to  insulate  the  load-carrying element from the  hotter 
elements of the  blade. The maximum temperature  difference between the 
she l l  and the  internal  supporting s t r u t  also occurs at about the 
0.3 span, where s ta t ion  7 on the  internal  supportihg s t r u t  is about 
347O F cooler  than  station 1 on the  shell. This temperature  difference 
was from the  hot tes t   s ta t ion on the  shel l   to   the  coolest   s ta t ion on the 
internal  supporting s t r u t  of the  representative  section. If the tempera- 
ture a t   s t a t ion  4 is selected  to  represent  the mean chordwise temperature 
of the  internal  supporting s t r u t  and the arithmetic average of the 
temperatures a t   s ta t ions  1 and 2 is taken as the  representative  shell 
temperature,  the  temperature  difference between the  inter&  supporting 
strut and the   she l l  is about 245' F for  a coolant-flow r a t i o  of 0.152. 

The temperature  difference between stations 2 and 3. i s  the  calcu- . 
lated  temperature drop in  the  spot welds between the  shel l  and primary 
f i n s  on the  internal  supporting s t r u t .  This temperature drop depends 
on the  area of intimate  thermal  contact between the  shell.and  the edge . . 

of the fins and thus on the number of spot welds and on the crass- 
sectional  area of the nugget of the  spot weld. It also depends on the 
thermal  conductivity  of.the  metal  in  the w e t  and the  heat-conduction 
path  length through the nugget. Heat transfer from the  shel l   to   the  f ins  
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i n  the  &rea between spot welds was neglected  because it was reasoned tha t  
6. dead a i r  space would be formed when the  hotter shell, tending t o  be 
larger than  the  internal  suppcrting strut, buckle3 a:Jay slightly from the 
T i n s .  The effects  of radihtion from the she l l  t o  the internal  support- 
ing a t ru t  were  assumed t o  be insignificant and were therefore  neglected. 

The temperature  drop from stations 3 t o  4 in   the pr&y f i n s  is a 
function of the  thermal  conductivity of the metal,  the  convective  heat- 
transfer  coefficient from the  s ide of the  Pin  to  the  cooling-air, and 
the  depth and thickness of the fins. The greater  the  depth-to-thickness 
r a t i o  of the  f ins,   the  greater will be the  temperature dzop. However,' 
there  is a prac t ica l  limit t o  this r a t io   i n   t ha t   t he   f i n s  must  be  stout 
enough so tha t   the   she l l  .can be  attached by spot-welang or  other m e a n s  
of attachment. B e  temperature drap from et&tlc-n 4 t o  5, 6, ."a 7 is 
re la t ive ly  s m a l l  because of the  large m a s s  of metal through which the 
heat can flow. This re la t ive ly  small temperature drop suggests  that  the 
secondary f i n s  could  possibly  be  eliminated from the  design  without much 
loss i n  cooling  effectiveness. 

A more general  picture o f  the  cooling  characteristic of an  internal- 
strut-supported  blade is given in   f igure 7,  where the average she l l  and 
s t r u t  temperatures  are  plotted for the 0.4 span s ta t ion  86 a function of 
the  coolant-flow  ratio. The 0.4 spanwise s ta t ion  was chosen as a basis  
for camparison -because it is  the vicinity of tmgency between  an  allow- 
nble spanwise temperature  distribution  curve and a blade  temperature 
distribution  calculated f o r  a coolant flow selected so tha t  tangency will 
occur. The effective gas temperature a t  this position is 1.5300 F. An 
arithmetic  average of s ta t ions 1 and 2 in  the  cross  section is considered 
t o  represent  the chordwise average s h e l l  temperature, and the  temperature 
at  skation 4 is  considered t o  be  the chordwfse average s t r u t  temperature. 
As coolant-flow ratio  increases,  the  difference between  average s h e l l  
and ave rqe  s t r u t  temperature  increases  rapidly. At a coolant-flow r a t i o  
of only 0.01, a temgerature  difference of  more than 2000 F exis ts ,  which 
i s  very  significant  since  the  strut  is well  below 5OOo F under this 
condition. This i ndka te s   t ha t  a very  large margin of strength can  be 
maintained in the  internal-strut-supported  blade  with nominal coolant 
flow. 

Comparison of internally  supported and equivalent  shell-supported 
blades. - The advantage of the  internal-strut-supported  blade over the  
conventional  configuration is brought out further i n  f igure 8. At a 
coolant-flow r a t i o  of 0:Ol the   internal-s t rut  temperature is about 
880° F, whereas the   she l l  temperature of the  .shell-s'upported  blade is  , 

about 1 U O 0  F. In  order to achieve  the same cooling  effectiveness on 
the  load-carrying element of the  shell-supported  blade as obtained  at 
0.01 coolant-flow r a t i o  i n  the internal-s~rut-supported blade, almost 
2 . 5  times  the  coolant f low is required. From the shape of the two 
curves it can b e  seen tha t   the  lower the  desired  temperature in ei ther  
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configuration,  the  greater i s  the  difference  in  required  coolant flow. 
The advantage of the  internally supported  blade Over the  shell-supported 
blade  increases  as  conditions become  more severe. 

Since  the  trends  in  gas  turbine  engines axe  toward higher  gas 
temperatures and higher  blade  stresses, it is of i n t e r e s t   t o  compare the 
limiting  permissible  stresses  in  the two configurations as coolant flow 
i s  varied. This is  sham  for  the 0.4 span s ta t ion   in   f igure  9 for  two 
effective gas  temperatures  using the  stress-to-rupture  properties of a 
noncritical  metal,. 17-22(A)S, fo r  1000-hour b lade   l i fe  as a basis of 
comparison. Comparison  of the  internal-strut-  and shell-supported 
blades shows that  the  internal-strut-supported  blade has considerably 
greater  potentiality  to  withstand  the  increased  stresses  that may be 
anticipated  in  future  engines. For an effective gas  temperature of 
1530' F a t  a coolant-flow r a t i o  of 0.01, the  allowable  stress of the 
internal-strut-support.ed blade i s  about four times tha t  of the conven- 
t iona lb lade .  The centr i fugal   s t ress   a t   the  0.4 span i s  given by 
figure  5(b)  as about 32,500 pounds per  sqyare  inch. Thus the  internal- 
strut-supported  blade has a safety  factor of over 2- f o r  a coolant-flow 
r a t i o  of 0.01 while  the  shell-supported  blade does not have adequate 
strength t o  withstand  the  centrifugal  load  at  that low coolant flow. 
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An bportant  aspect of the  substi tution of cooled noncrit ical  metals 
in  turbine  blades is the  anticipated  gain  in maximum permissible  stress 
re la t ive   to   the  cnmmnnly used  high-temperature  alloys. Design studies 
?,nd analyses of future needs i n  turbojet  engines,  particularly where 
application of supersonic compressors is considered, have revealed  the 
need for untapered  turbine  blades  .that  can  withstand  centrifugal  stresses 
approaching 100,000 pounds per  square  inch. It is expected that a 
highly  effective  convection-cooled  shell-supported  blade may go a long 
way in  this  direction,  but  the advantages of the  internal-strut-supported 
blade become very significant when these  severe  conditions  are imposed 
in   t he  engine  design. Th& advantage is  i l lus t ra ted  by the two curves 
comparing the  internal-strut- and shell-supported  blades  for an effective 
gas  temperature of 15300 3'. At a coolant-flow r a t i o  of 0.01, the allow- 
able stress for 1000 hours is approximately 75,000. pounds per square 
inch. For the  shell-supported  blade about  2.25 times the  coolant flow of 
the  internal-strut-supported  blade would be required  to  achieve  the same 
strength. The relationship shown by t h i s  curve is very  significant 
because of the  extremely  high  strength  achieved  with  very s m a l l  coolant 
flow. The influence on engine thrust and f u e l  consumption of coolant 
flows less than 1 percent of the gas flow is negligible  according t o  
analyses  that have been made. 

.. 
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Under the more severe  condition of higher gas temperature the 
advantage of the  internal-strut-supported  blade over the  shell-supported 
blade is even greater as shown by the comparison fo r  an effective  gas 
temperature of 25300 F. For an allowable  stress of 60,000 pounds per 
square  inch  the  shell-supported  blade  requires more than 3.6 t h e s  as much 
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coolant flaw as an internal-strut-supported  blade.  Increasing  the 

coomt-f low  ra t io  from 0.0065 to 0.0223 f o r  an internal-strut-supported 
blade,  while for the shell-supported  blade it w a s  increased from 
0.015 t o  0.0553. 

*I effective gas  temperature from 1530° to 25300 F increased  the  required 

For future engine  designs  having  increased t i p  speed and blade 
height, a design s t r e s s  approaching 80,000 pounds per  square  inch  appears 
feasible  where other  characteristics of the  blade  metal are adequate. 
Although increased  gas ' teqerature  would necessitate  increased  coolant- 
flow rat io ,  it appears that  placing  the  load-carrying element of the 
blade  within  the  coolant  passage would permit  the  lowest  coolant flow of 
any of the  configurations  that have been previously  investigated. The 
air-cooled  internal-strut-supported  blade  theref o r e  appears t o  achieve 
a more nearly optimum integration of aerodynamic, cooling, and s t ruc tura l  
character is t ics   that  would permit  simultaneous  increase in  turbine-inlet  
temperature and engine specif ic  mass flow per unit f ronta l   a rea  without 
sacrificing  the  basic  simplicity of the air-cooling system as it has 
been appl ied  in   the  past  t o  the  turbojet  engine. 

* A new type of air-cooled  blade  design demonstrating a principle of 
submerging the  load-carrying element as much as  possible i n  cooling a i r  
within 8 th in   h igh- teqera ture   she l l  which 'is attached t o  the load- 
carrying element by means of spot welding was analytically  evaluated and 
cornpazed with a conventional  type of shell-supported  air-cooled blade. 
The following r e s u l t s  were observed: 

1. This new pr.inciple of blade  design &owe& the  supporting  struc- 
tu re  or load-carrying element to be q e r a t e d  at considerably lower 
temperatures  than the  blade  shell .  These t e q e r a b e .  dlfferences 
increased with coolant flaw. A t  a coolant-flow r a t i o  of 0.01, t h i s  
temperature  difference was more than 200° F. &e significant i s  the 
fact   that  fo r  t h i s   r e l a t ive ly  low coolant flow, the  internal-strut  
temperature w a s  w e l l  below 900° F and would therefore   re ta in  high 
strength. 

c 

2. ICemper&tuxes i n  the  internal  supporting strut were also consid- 
erably lower than i n   t h e   s h e l l  of a comparable shell-supported  blade. 
For a coolant-flaw r a t i o  of 0.01, the  internal strut was more than 
ZOOo F cooler than  the  shell  of a comparable shell-supported  blade. This 
difference  increased  with  coolant-f low r a t io .  
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3. To achieve  the same cooling  effectiveness  in  the  load-carrying 
element of a shell-supported  blade as obtained a t  0.01 coolant-flow 
ratio  in  the  strut-supported  blade  required almost 2 .5  times as much 
coolant flow. The lower the des'lred  temperature in either  'configuration, 
the  greater was the  difference in  required  coolant flow. 

4 .  Coqa*.ison of the  internal-strut- and shell-supported  blades 
showed that  the  internal-strut-supported  blade has considerably  greater 
po ten t i a l i t y   t o  withstand  the  increased  stresses  that may be  anticipated 
i n  future  engines. Based on stress-to-rupture  properties for 17-22A(S) 
for a  1000-hour blade l i fe ,   the  ~nternal-strut-supported blade can  be - N -  

operated a t  a permissible  stress of 75,000  pounds per  square  inch or 
about four  times  that of a comparable shell-supported  blade  with a 
coolant-flow r a t i o  of 0.01 and an effective gas temperature of 1530° F. 
For an effective gas temperature of 2530' F, the  internal-strut-  
supported  blade  required  less  tha?  half as much coolant  flow as the 
shell-supported  blade t o  maintain a permissible  stress of 60,000 pounds 
per  square  inch. 

e -  * 
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5. It appeared that  placing  the  load-carrying element of the  blade 
within  the  coolant  passage will permit  the  lowest  coolant flow of  any of 
the convection-gooled.configurations that  have previously been investi- 
gated. 
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Figure  2. - Base section of i n t e r n a l l y  supported blade design. 
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(a) Representative section from internally. 
supported blade. 

1 

(b) Elements in representative section rearranged 
to permit solution as one-dimensid heat con- 
duction. Convective coefficient, Hi; fictitious 
convective coefficient, Hf;.outside heat-transfer 
coefficient, Eo. 

Figure 3. - Schematic sketch of representative section from internally 
supported blade showing location of  statfqns-  analyzed, . .  .. ". . - 
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(a) Spmwise effective gas temperature profile. 

60 I 1 I I I 
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(b) Spanwise centrifugal stress dfstribution. 

Figure 5. - Spanwise effective gas temperature and centrifugal 
stress distributions used to compare internally supported blade 
configuratiqn with shell-supported blade configuration. 
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Figure 6. - Calculated  temperature  distribution in an internally  supported 
blade for  effective gas temperature  profile shown. Coolant-flow  ratio, 
0.0152. 
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Figure 7. - Average shell temperature and average strut tempera- 
ture against coolant-flow ratio for internally supported blade 
at 0.4 span. Effective gas temperature, 15300 F. - 
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Figure 8. - Conparison of temperatures at 0.4 span in load-carrying elements 
of internally supporf;.ed blade and shell-supported blade. Effective gas 
temperature, 15300 F. 
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Figure 9. - Comparison of permissible  stress a t  0.4 span baeed on st ress-  
to-rupture strength properties of 17-22A(S) f o r  1000-hour blade  l i fe .  
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